' INTRODUCTION
The controlled deposition of nanomaterials is a compelling challenge for modern technology. The possibility of reproducing existing or creating novel devices at the micro/nanoscale is strongly related to the availability of appropriate building tools. 1 Electrochemical techniques, among several others, are attractive because of the use of relatively inexpensive equipment and the ease of the procedures. This is especially true when an electrochemical approach results in a synthetic route to nanomaterials which is rapid, simple, templateless, and surfactantless. Engineered multidimensional nanomaterials with well-defined shape and structure are also attracting much interest because of their potential use in many different areas such as environmental analysis and monitoring, drug delivery and tissue engineering, cell imaging and treatment, and renewable energy technologies. 2À5 The use of conducting polymers in the design and construction of micro/nanoarchitectures is interesting because of the possibility of controlling the morphology through the polymer properties and the electrode potential. Some examples of electrochemical deposition of copper-based nanostructures on polypyrrole films are available in the literature. Copper nanoclusters, made of Cu 2 O, have been prepared on polypyrrole films doped with chloride anions. 6 Copper fractals, nanowires, and nanocrystals were formed by galvanostatic deposition on polypyrrole doped with perchlorate anions, 7 whereas self-assembled nanostructures were formed through potentiostatic deposition. 8 With the latter system the size of the copper nanocrystals could be changed with the polymer thickness, and on ultrathin films a regular decrease of the particle size was observed with a decrease of the electrode potential. 9 However, as of yet, to the best of our knowledge there are no reports on the electrosynthesis of flowerlike copper-based hierarchical structures at polypyrrole or at any other conducting polymer films. Hierarchical copper-based micro/nanostructures are usually prepared hydrothermally in alkaline solutions. Typically, the preparation takes from hours to days, depending on the temperature and concentration of the base. The majority of the hierarchical copper structures are made of copper oxides, 10À12 copper sulfides, 13À15 or their mixtures. 16 These materials can be used in several applications, such as supercapacitors, 17 gas sensors, 18 for the removal of pollutants, 19 for the preparation of superhydrophobic surfaces, 12, 16, 20 and as anodes for lithium-ion batteries. 21 Other hierarchical materials are obtained from the basic salts of copper, for example, from copper hydroxyphosphates, 22 copper hydroxycarbonates, 23 or copper hydroxysulfates. 24 The development of suitable applications for these materials has received limited consideration until recently, when industrial applications were considered for layered hydroxide salts. 25 PolypyrroleÀpolystyrene sulfonate (PPyÀPSS) films have been already used for the electrodeposition of copper, and the metallization was described as a two-step process. 26À28 First the copper ions are incorporated into the film and then reduced to metallic copper. In general copper and polypyrrole interact either through a copperÀnitrogen or a copperÀoxygen complex formation depending on the nature of the dopant and on the experimental conditions. Spectroscopic evidence of CuÀPPy complexation has been found in polymers doped with small ions within which copper interacts directly with the pyrrolic nitrogen. 29À32 The interaction between copper and pyrrolic nitrogen has been recently observed for copper ions onto nanothin PPy films. 33 CuÀdopant interactions have been found in the presence of sulfated dopants where copper is bound to the ÀOSO 3 À groups. 34, 35 PPyÀPSS composite films have been studied in great detail. Since the PSS sulfonate groups are irreversibly incorporated in the polymer matrix, the films behave as redox cation exchangers. The cation influx into and efflux from the films have been studied previously using electrochemical quartz crystal microbalance 36, 37 and rotating ring disk electrode, 38 while electron spectroscopy for chemical analysis measurements showed that the cations are present only on the surface of the reduced form of the film.
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In this paper, a novel synthetic route is presented and applied to the deposition of copper hydroxysulfate-based hierarchical micro/nanostructures at the PPyÀPSS thin films. These structures are formed following the occurrence of two simultaneous processes, namely, the capture of Cu 2þ and formation of OH À both promoted by the PPyÀPSS film. The Cu 2þ and OH À ions are concentrated on the polymer surface, which in the presence of the SO 4 2À anions from the electrolyte solution allows the electrocrystallization of the hierarchical micro/nanostructures. These structures may have applications as metal oxide precursors, selective ion scavengers, and/or templates for the formation of nanoparticles. 25 ' EXPERIMENTAL SECTION a. Materials. The chemicals used in the present work were pyrrole (98%), poly(sodium 4-styrenesulfonate), M w ∼70 000 g/mol, sodium sulfate (g99.0%), copper sulfate pentahydrate (99.999%), and zinc sulfate heptahydrate (g99.0%). Water was distilled and Milli-Q purified in the laboratory (14 MΩ 3 cm, pH = 5.0). All chemicals were supplied by Sigma-Aldrich. High purity nitrogen and oxygen gases (99.95%) were supplied by BOC Ireland.
b. Preparations. A stock amount of pyrrole (Py) was vacuumdistilled and stored in the dark at À20°C under nitrogen. The polypyrroleÀpolystyrene sulfonate (PPyÀPSS) thin films were prepared with a standard three-electrode cell on glassy carbon (GC, 0.126 cm 2 ) and gold (Au, 0.200 cm 2 ) disk electrodes. The counter electrode was a platinum wire, and the reference electrode a saturated calomel electrode (SCE, all potentials in the tables are referred to SCE). The electrolyte solution was made of 0.15 M Py and 50 mM PSS (calculated from the molecular weight of the monomer unit) dissolved in Milli-Q water. The polymer was grown at a constant potential of 0.60 V vs SCE to give uniform thin films. The electropolymerizations were stopped after a certain charge was reached, usually 40 mC/cm 2 . The thickness of the PPyÀPSS films was calculated as 120 nm using a volume-to-charge ratio of 3.00 Â 10 À4 cm 3 /C. 40 The copper-based micro/nanostructures were formed electrochemically on the surface of the PPyÀPSS films. After the electropolymerization, the electrodes were thoroughly rinsed with Milli-Q water and immersed in a 0.10 M CuSO 4 solution. The potential of the electrode was set at a constant value of 0.10 V vs SCE until a certain charge was passed (usually 40 mC/cm 2 ) and the copper-based structures were formed. The potentiostatic deposition was performed with solutions that were either used as prepared in air or saturated with oxygen. In the latter case, a copper sulfate solution was bubbled and stirred with high purity oxygen for at least 60 min prior to the electrodeposition. The same was done with nitrogen in order to evaluate the effect of oxygen on the deposition of the micro/nanostructures. Once the deposition was completed, the working electrodes were extensively rinsed with Milli-Q water and left to dry.
c. Equipment. The electrochemical experiments were performed with a Solartron 1285 potentiostat. The rotating disk electrode was a Pine MRS Rotor System equipped with glassy carbon E3 Series RDE tip. The electrochemical quartz crystal microbalance was a CH Instrument 400A equipped with a CH127 cell and CH125A gold crystal electrodes (polished, bounded, and mounted, 100 Å Ti þ 1000 Å Au). The scanning electron microscopy characterization was performed with a Hitachi S-3200-N equipped with an Oxford Instrument INCAx-act EDX system and a Hitachi S-4000 with a cold cathode field emission electron source (FE-SEM) equipped with Princeton Gamma Technology Avalon 8000 EDX system. The samples were sputter-coated with gold or gold/palladium ultrathin films with an AGAR Automatic Sputter Coater equipped with an AGAR Terminating Film Thickness Monitor unit. The infrared spectroscopy characterization was performed with a Varian FTS-7000 FT-IR equipped with a Pike Miracle ATR built in diamond crystal. The depth of penetration of the crystal at 45°w as 2.0 μm. The X-ray photoelectron spectroscopy equipment was a Kratos Axis 165 equipped with a monochromatic Al source (KR 1486.58 eV) with a spot size of 1 mm. The source power was 150 W, the takeoff angle was set normal to the sample surface, the construction and peak fitting in the narrow region spectra was performed using a Shirley type background, and the synthetic peaks were of a mixed GaussianÀLorentzian type. Adventitious carbon was used for charge reference, and the C 1s line of adventitious hydrocarbon was assumed to have a binding energy of 284.8 eV. The X-ray diffraction analyses were performed with a Philips X'Pert PRO MPD with a Cu X-ray source (KR1 1.5406 Å, KR2 1.5444 Å, Kβ 1.3922 Å, KR2/KR1 = 0.5). The measurements were carried out directly on the electrode surfaces modified with the deposited materials at an accelerating voltage of 40 kV and a current of 40 mA in gonio mode (θ:θ).
' RESULTS AND DISCUSSION a. Electrochemical Synthesis of Copper Hydroxysulfate Hierarchical Structures. The cation exchange properties of the PPyÀPSS films 36À39 can be used to capture Cu 2þ ions from aqueous copper solutions. In order to determine the potential at which the Cu 2þ cations are captured, the mass of the polymer Figure 1 that the mass of the PPyÀPSS film increases steadily during the sweep demonstrating that Cu 2þ ions are incorporated into the PPyÀPSS film. An increase in mass is also observed when the film is immersed in the NaPSS solution, confirming the capture of cations. In the latter case the mass increase is lower since Na þ is lighter than Cu 2þ . However, whereas the mass change for Na þ is substantially linear as a function of potential, for Cu 2þ the mass increases more rapidly below 0.20 V vs SCE indicating that a significant deposition process occurs in this potential range.
In order to investigate this deposition process, SEM micrographs were recorded of the PPyÀPSS film-modified electrodes after they were held at a potential of 0.10 V vs SCE in 0.10 M CuSO 4 solutions. The micrographs show the formation of copperbased hierarchical micro/nanostructures as given in Figure 2 . These flowerlike structures are made of a large number of nanothin sheets organized in hemispherical clusters evenly distributed on the film surface. The thickness of the nanosheets ranges from 50 to 200 nm, while the overall size of the clusters is about 5À10 μm. These structures are the first example of copper-based flowerlike structures electrochemically deposited on conducting polymers. In addition, they are made up from copper hydroxide and sulfate as discussed later. This finding is highly novel as hierarchical copper structures known to date are prepared hydrothermally in alkaline solutions and are usually made of copper oxides.
10À12
The electrochemical deposition of the copper-based structures was reproducible and took less than 30 min as shown in Figure 3 . After the first 10 min, the reduction currents reach and fluctuate around a plateau value. Fluctuations of this kind are typical of two-dimensional progressive nucleation taking overlap into account 41 confirming that sheetlike deposits grow and overlap with each other at different rates. much lower than that of copper, and the current plateau must be related to a different process than the reduction to zinc metal. Accordingly, the current plateau between 0.20 and 0.10 V vs SCE in the case of the copper system is related to another process that occurs in addition to the capture and reduction of the Cu 2þ ions. The process occurring at the plateau currents was determined to be the electrocrystallization of the hydroxysulfate-based materials. In fact, such a process was observed with either the copper or zinc ions following the reduction of dissolved oxygen to form hydroxide ions. Dissolved oxygen is a key reactant for the deposition of the copper-based structures, as without it the electrodeposition does not occur. This is shown clearly from the data presented in Figure 5 where currentÀtime and chargeÀ time plots of deposition are compared in nitrogen-and oxygensaturated solutions. In the absence of oxygen, the current drops immediately to very low values and no deposit is formed at the film even after 7000 s. On the other hand, in the oxygen-saturated solution, the deposition current is much higher than that recorded in an aerated solution and hierarchical structures are formed at a higher rate. The deposition in the presence of oxygen is approximately 10 times faster, in comparison to the aerated solutions (Figures 3 and 5 ).
It appears that dissolved oxygen is reduced at the PPyÀPSS film to form hydroxide ions. This causes an increase in the local pH at the PPyÀPSS interface which facilitates the electrocrystallization of the hierarchical micro/nanostructures. To support this explanation, the oxygen reduction reaction (ORR) at the PPyÀPSS-modified electrodes was examined using a rotating disk electrode. The bare and film-modified electrodes were scanned over the same potential range with the electrode spinning at 2000 rpm. The net currents of reduction were calculated by subtracting the current measured in nitrogen-from the one measured in the oxygen-saturated solutions ( Figure 6 ). The highest net current was registered at the film-modified electrodes showing the enhanced effect of the film on the ORR. The reduction of oxygen at these potentials is not surprising considering the positive value of its standard redox potential; however, it is well-known that the ORR is very slow and thus requires large overpotentials. 42 The shape of the curves in Figure 6 is informative of the nature of the reduction processes. It is evident that none of the curves have the typical sigmoidal shape characteristic of the steady-state mass transport condition. The reduction process at the bare electrode is probably slow, and a plateau current is not reached. Instead, the peak current at the film-modified electrode might be due to the limited diffusion of oxygen in the polymer film. Since the actual ORR is taking place at the electrode/polymer interface, 43, 44 the current starts dropping after the depletion of oxygen present in the film. It is likely that the diffusion of oxygen through the film is too slow to sustain the current flow. However, ii. ATR-IR Studies. The ATR-IR spectra were recorded for both freshly deposited and electrochemically reduced micro/nanostructures from 450 to 4000 cm À1 . The main absorption bands of both the pristine and reduced micro/nanostructures are located in two characteristic regions from 450 to 1250 cm À1 and from 2800 to 3800 cm À1 . Reliable IR data of copper hydroxysulfate compounds could only be obtained from the literature for antlerite and brochantite.
45À47 Proposed assignments for the bands observed in the ATR-IR spectra recorded for the copperbased hierarchical structures in the region of 450À1250 cm À1 are given in Table 1 .
The ATR-IR spectra of the copper-based micro/nanostructures in the range 450À1250 cm À1 are shown in Figure 8 . The first feature common to all spectra is the band at 1000À1200 cm À1 characterized by a splitting. This band is assigned to the fundamental vibrational mode ν 3 , and the splitting of this band is due to the bound state of sulfate in the crystalline structure of the material as has been proposed for this type of structure in the literature. 45, 46 Another fundamental vibrational mode of SO 4 is the ν 4 which is observed for the free sulfate ion at 613 cm À1 . 45 A splitting of the band related to this mode is observed in the spectra of antlerite and brochantite with three and two main peaks, respectively. 45, 46 In the case of the micro/nanostructures, the band splitting is only obtained after reduction at À1.50 V vs SCE, with the corresponding peaks appearing at 604 and 628 cm À1 ( Table 1 ). The other two fundamental vibrational modes of SO 4 are the ν 1 and ν 2 . In the case of the ν 1 mode, the associated band for each of the hierarchical structures is significantly lower in intensity than the analogous band in the spectrum of either antlerite or 
* The assignment of the peaks is given with respect to the spectra of antlerite and brochantite as reported by Ramamurthy and Secco. 45, 46 The intensity of the peaks is given beside their wavenumbers (s = strong; m = medium; w = weak; vw = very weak; sh = shoulder; a = band shifted to below the spectral window of 450 cm À1 ). The Journal of Physical Chemistry C ARTICLE brochantite. The three peaks at 453, 497, and 515 cm À1 are assigned to the ν 2 mode by comparison of the spectrum of the pristine hierarchical structures with those of brochantite and antlerite ( Table 1) .
The ATR-IR spectra of the copper-based micro/nanostructures in the range 2800À3800 cm À1 are enlarged in Figure 9 . In this range there are two main features, a broad band with two wide maxima at about 3260 and 3380 cm À1 and two well-resolved peaks above 3500 cm
À1
. These features are related to three different kinds of OH groups present in the copper-based deposits. The two wide maxima are assigned to OH groups with a medium and a high degree of hydrogen bonding, respectively, while the two narrow peaks are related to free non-hydrogen-bonded OH groups. 45, 46 In the case of the freshly deposited copper-based structures the broad band is almost flat, whereas the two peaks related to the free OH are easily distinguishable above the background. The relative intensity of the two features is reversed after reduction. The broad band is now better defined with two discernible maxima, while the two resolved peaks are hardly noticeable. It follows that the reduction treatment causes a transition from free to bound OH groups at both À0.70 and À1.50 V vs SCE. These three classes of OH groups are observed in the spectra of both antlerite and brochantite. 45 In summary, the ATR-IR data recorded for the structures before and after reduction have the characteristic features of the OH groups of the copper hydroxysulfate compounds.
Interestingly, the bands observed in the spectra recorded upon reduction of the copper-based structures (Table 1 ) have a very good correlation with those of brochantite. As stated above the composition of the structures was determined from XRD data to be copper sulfate hydroxide hydrate and posnjakite. The IR spectrum of posnjakite would be expected to be very similar to that of brochantite as they differ in chemical composition only by one water molecule. Therefore, this would suggest that the changes in the spectra recorded upon reduction occur because the copper sulfate hydroxide hydrate ( iii. XPS Studies. A PPyÀPSS film modified with copper-based structures was reduced at À1.00 V vs SCE for 5 min in 0.10 M Na 2 SO 4 prior to the analysis in order to evaluate the effect of a mild reduction treatment. The XPS survey and narrow range spectra of the modified films with the deconvolution of the peaks are given in Figure 10 .
Five chemical elements are identified in the survey spectra, namely, Cu, S, O, C, and N. The first three were also identified using EDX (not shown here) and are the component elements of the copper-based micro/nanostructures. The other two, C and N, are due to the PPyÀPSS film since the area of analysis (1 mm Â 1 mm) was large enough to probe both the structures and the surrounding polymer film.
The narrow range spectrum of the copper signal (Cu 2p 3/2 ) shows three different peaks at 935.0, 937.1, and 943.8 eV (Figure 10 ). Two other peaks are found at 933.2 and 940.8 eV from the deconvolution of the signal. The peak at 935.0 eV is related to the presence of Cu(II), whereas the small peak at 933.2 eV is indicative of Cu(I) and/or Cu(II).
48,49 Upon consideration of the literature, the peak at 937.1 eV could possibly be related to the presence of an octahedrally oxygen-coordinated Cu(II) species. 50 The peaks at 940.8 and 943.8 eV are satellites of the parent peak at 935.0 eV and are due to the shakeup effects typically observed for Cu(II) oxide, sulfates, and hydroxysulfates. 49 According to the literature, 48 the parent peak of copper oxide is found at about 933.8 eV, while that of copper sulfate is observed at about 934.9 eV. 51, 52 It follows that the present peak is more likely to be related to sulfate rather than to oxide species.
The XPS spectrum of the sulfur signal (S 2p) has two separate peaks at 168.3 and 170.2 eV (Figure 10 ). The fitting of the signal with two doublets allows the identification of two other peaks at 169.5 and 171.4 eV, respectively. Each couple of peaks is a doublet S 2p 3/2,1/2 with a 2:1 intensity ratio and a 1.2 eV splitting due to spinÀorbit coupling in the sulfur atoms. The doublet at 168.3 and 169.5 eV is due to the sulfonate groups of the PPyÀPSS film, 53 whereas the doublet at 170.2 and 171.4 eV is due to the sulfate ions of the copper-based micro/nanostructures. 54, 55 The oxygen signal (O 1s) in the XPS spectrum shows two separate peaks at 531.6 and 533.8 eV (Figure 10) . A third peak at 535.3 eV is found from the deconvolution of the signal. According to the literature, 56, 57 the first peak at 531.6 eV can be assigned to the sulfonate oxygen of the dopant present in the polymer film, while the other two peaks are due to the oxygen contribution of sulfate ions, water, and polymer-oxidized moieties.
The narrow range spectrum of the carbon signal (C 1s) shows two separate peaks at 284.8 and 286.9 eV and a tail at higher binding energy (Figure 10 ). The deconvolution of the signal allows the identification of three other peaks underneath the tail at 287.6, 288.7, and 290.4 eV, respectively. According to the literature, 57 the peaks can be assigned as follows. The peak at 284.8 eV is related to the R-and β-carbons of the PPy rings along with the aromatic carbons of PSS and adventitious carbon. The dominant peaks at 286.9 and 287.6 eV are given by several contributions, namely, the imine-like (CdN), polaron (=CÀNH •þ ), and hydroxylated defects (CÀOH) of PPy. Instead, the peak at 288.7 eV is attributed to the bipolarons (ÀCdN þ ) and carbonylic defects (CdO) of PPy. The last peak at 290.4 eV is a shakeup satellite of the peak at 284.8 eV and is caused by the πÀπ* electronic excitation of PPy. Significantly, the dominant peak at 286.9 eV is indicative of the large number of imine-like functions present in the polymer film, as supported by the analysis of the nitrogen signal reported below. These functions are generated Figure 9 . ATR-IR spectra of the hierarchical copper-based micro/ nanostructures in the wavenumber range of hydroxide vibrational modes. The spectra correspond to structures that were freshly deposited (1) and reduced at À0.70 V vs SCE (2) or at À1.50 V vs SCE (3) for 15 min in 0.10 M Na 2 SO 4. The spectrum of PPyÀPSS is also shown (4).
The Journal of Physical Chemistry C ARTICLE from the deprotonation of the pyrrolic nitrogen and are consistent with the presence of hydroxide ions in the polymer film from the reduction of dissolved oxygen.
The nitrogen signal (N 1s) in the XPS spectrum is composed of two peaks at 401.0 and 402.4 eV and a tail at higher binding energy ( Figure 10 ). The deconvolution of the signal allows the identification of another peak underneath the tail at 403.8 eV. According to the literature, 58 the nitrogen signal of pristine PPy has three peaks at about 397.8, 399.7, and 400.5 eV. These peaks correspond to the deprotonated, neutral, and oxidized/protonated nitrogen, respectively. The present set of peaks is evidently shifted to higher binding energy compared to that of pristine PPy. However, a shift of the N 1s signal toward higher binding energy has been already observed in polypyrrole films modified with copper due to the interaction of copper ions with nitrogen. 31, 59 The last important aspect of the N 1s signal is the size of the peak at 401.0 eV due to the imine-like nitrogen (ÀN=) which is strikingly large. This peak results from the deprotonation of the amine-like nitrogen (ÀNHÀ) during the deposition. It is shown in the literature 60 that by treating PPy with 0.5 M NaOH, the area of the imine-like nitrogen peak can become 50% of the overall area of the N 1s signal after the deprotonation of the pyrrolic nitrogen. In the present case the relative contribution of the deprotonated moieties is about 37%, a value that can only be achieved by base treatment. Clearly, the deprotonation of the pyrrolic nitrogen is a consequence of the generation of hydroxide ions from the reduction of dissolved oxygen. This is supporting evidence that the local pH at the polymer film is much higher than in the bulk solution during the electrochemical deposition of the hierarchical structures. The Journal of Physical Chemistry C ARTICLE iv. EQCM Measurements. The mass and charge of deposition of the hierarchical copper-based micro/nanostructures formed at PPyÀPSS thin films in oxygen-saturated 0.10 M CuSO 4 were monitored using an electrochemical quartz crystal microbalance (EQCM). The resulting responses are shown in Figure 11 .
The currentÀtime profile is typical of the electrochemical growth of overlapping nuclei. 61 The massÀcharge curve is characterized by three individual segments, as shown more clearly in Figure 12 . A linear regression was performed on each segment in order to obtain the slopes of the massÀcharge curve the absolute values of which correspond to the mass-to-charge ratios, R, of the deposited micro/nanostructures. These experimental ratios were then compared to those calculated for the different copper hydroxysulfate species that could be deposited on the films. The segments A, B, and C of the massÀcharge curve are associated with three different stages of the copper-based micro/nanostructures deposition, namely, nucleation, nuclei overlapping, and multilayer growth. 61 As shown in Figure 12 , the value of R changes during the deposition starting from 0.802 mg/C for the nucleation, 1.323 mg/C for the nuclei overlapping, and finally 1.161 mg/C for the multilayer growth.
The experimental values of R can be compared to the values calculated from a series of possible reduction reactions ( 62, 63 In the case of the nucleation stage, the slope of the massÀcharge segment is 0.802 mg/C which is closely related to the deposition of hydrated forms of brochantite (e.g., posnjakite CuSO 4 [Cu(OH) 2 ] 3 3 H 2 O with 0.812 mg/C which was identified as being present in the hierarchical structures from the XRD data). However, this segment is not actually linear (R 2 = 0.987), suggesting the evolution of the deposition process toward a steady condition. Consequently, the slope of this segment is just an average of values of R that change rapidly during the nucleation. The other two segments are effectively linear (R 2 = 0.999), and their slopes are representative of steady deposition processes. The mass-to-charge ratios for these segments are 1.323 and 1.161 mg/C. These values are close to the R of dolerophanite, 1.239 mg/C, or copper sulfate hydroxide hydrate, 1.212 mg/C ( Table 1 ). The formation of dolerophanite, CuOCuSO 4 , is excluded because it reacts rapidly with water to yield pseudomorphs of antlerite. 64 The The Journal of Physical Chemistry C ARTICLE phase, R = 0.812 mg/C, could explain the experimental value of R, 1.161 mg/C, which is slightly lower than that of a pure copper sulfate hydroxide hydrate phase, 1.212 mg/C. v. CV studies. A PPyÀPSS film modified with the copper-based structures was reduced at À1.00 V vs SCE for 5 min in 0.10 M Na 2 SO 4 prior to the analysis. This short pretreatment was used to reduce the background current of the PPyÀPSS film. A cyclic potential scan was then performed between À1.00 and 0.70 V vs SCE in the same solution. Representative data are shown in Figure 13 .
In the resulting voltammograms, four peaks are evident, and these are labeled as A, B, C, and D (solid traces). The background electroactivity of the polymer was also considered by running the same scan on a pristine PPyÀPSS film (dashed trace). The results obtained using ATR-IR spectroscopy indicate that the copper in the hierarchical structures does not undergo reduction in this potential range. Therefore, it is likely that the redox processes studied here arise from the copper ions captured in the polymer. The position of the XPS signal for nitrogen of the polymer was consistent with copper ions binding to the nitrogen of the PPy. The redox couples A/D and B/C are attributed to Cu(0)/Cu(I) and Cu(I)/Cu(II) one-electron processes in accordance with work reported on related systems. 6, 30 The potential of peak A is slightly shifted À100 mV vs SCE compared to that reported by Cioffi et al., 6 and peak D appears also at more negative potentials. However, the position of this latter peak is dependent on the film thickness. 6 The splitting of peak A during the first scan is likely to be due to the presence of two different forms of adsorbed Cu(0) corresponding to two slightly shifted oxidation potentials. In general, all peaks fade with increasing cycle number due to the progressive dissolution of the deposited copper. Of particular interest is the first cycle which is recorded after reduction at À1.00 V vs SCE. In this case, peak A corresponds to the conversion of Cu(0) to Cu(I) and assuming that only the Cu(I) generated through this process is available for conversion to Cu(II), then the peak heights of A and B should be similar. The fact that this is not the case suggests that Cu(I) is already present, and this now accounts for the higher peak currents recorded for peak B. During the reverse sweep, it appears that not all the Cu(I) generated at peak C is converted to Cu(0) at peak D. This gives rise to Cu(I) which is converted to Cu(II) during the subsequent forward cycle and is consistent with the higher peak currents observed for peak B during repetitive cycling. Given that the micro/nanostructures are mainly composed of copper(II) hydroxysulfates even after reduction at À1.50 V vs SCE for 15 min as shown by the ATR-IR spectra presented earlier, it follows that the Cu(I) is likely to be formed and stabilized in the polymer film from the reduction of the Cu(II) ions captured during the electrodeposition process. The XPS data indicate that part of the copper is present in the Cu(I) state on the film after a reduction treatment at À1.00 V vs SCE for 5 min.
' CONCLUSIONS
The electrochemical deposition of the copper-based micro/ nanostructure was performed at the surface of polypyrroleÀ polystyrene sulfonate (PPyÀPSS) thin films. The electrochemistry of the film is a key factor in the overall deposition of the micro/nanostructures. These PPyÀPSS films enable the capture of copper ions from the electrodeposition solution and facilitate the reduction of dissolved oxygen to hydroxide ions. The combination of the Cu 2þ ions captured by the film, the OH À ions generated from the reduction of the dissolved oxygen, and the SO 4 2À ions of the electrolyte solution causes the deposition of the micro/nanostructures. This is essential for the electrocrystallization of the copper hydroxysulfates. The elemental composition was deduced using XPS, the presence of sulfate and hydroxide ions was confirmed using ATR-IR and XPS, and the exact chemical structures were identified using XRD. The EQCM and CV analysis are also in agreement with the electrodeposition of this mixture. The exploitation of the PPyÀPSS film properties for the controlled electroprecipitation of hierarchical micro/nanostructures is novel and represents a new synthetic route to prepare materials that are usually formed using hydrothermal methods.
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